Introduction
Elemental analysis of lichen tissue is one of the most extensively applied bioindication tools for air quality mapping and monitoring (i.e., Addison & Puckett, 1980; Bargagli & Mikhailova, 2002; Bruteig, 1993; Geiser, 2004; Gombert, Asta, & Seaward, 2003; S0chting, 1995) . Lichens efficiently accumulate pollutants delivered by both wet and dry deposition. As elegantly stated by Geiser (2004; 3): "Lichens undergo rapid hydration and dehydration. These processes alternately concentrate and leach pollutants, maintaining a dynamic equilibrium with atmosphere ~Springer This file was created by scanning the printed publication. Text errors identified by the software have been corrected: however, some errors may remain. and substrate sources of chemicals." Tissue concentrations of macronutrients like nitrogen (N) and sulfur (S), for instance, may be well-correlated with deposition measurements (Blett, Geiser, & Porter, 2003; Bruteig, 1993) . Tissue analysis is sometimes used to facilitate or augment interpretation of lichen gradient models (Geiser, 2004; Geiser & Neitlich, 2006) , a community-based biomonitoring tool utilized by the Forest Inventory and Analysis Program (FIA; USDA Forest Service). These models are based on the premise that the presence and abundance of indicator species can be correlated with air quality gradients. Tissue data can help investigators link these community responses to a particular pollutant or pollutant class, which is especially useful when direct pollutant measurements are unavailable for calibration of the gradient model.
Our primary objective was to characterize N deposition to forests of the greater Sierra Nevada in California (Figure 1) , much of which lies downwind of the urbanized and intensely agricultural Central Valley. Eutrophication of forest and aquatic systems is a growing concern for much of the region, but most ~Springer Environ Monit Assess (2007) 129:243-251 especially in the Lake Tahoe Basin and southwestern Sierra Nevada (reviewed by Fenn et al., 2003a; Fenn, Poth, Bytnerowicz, Sickman, & Takemoto, 2003b ) . We analyzed the N content of a common epiphytic lichen, Letharia vulpina (L.) Hue, from 38 sites. We identified stands at greatest risk of eutrophication by mapping where tissue N is elevated above background levels.
Tissue collections were co-located with permanent plots where ammonia (NH 3 ) deposition is currently monitored by FIA, using lichen data and a lichen gradient model (Figure 1 ; Jovan & McCune, 2006) . We included NH 3 estimates among a variety of environmental and lichen community variables to determine the best predictors of tissue N. Locally high NH 3 deposition should reflect in high tissue N. High tissue N, however, need not be accompanied by high NH 3 estimates. While we know NH 3 is a major component of total N deposition in the region, oxidized N pollutants like nitrates (N03) and nitrogen oxides (NOx) contribute to varying degrees (Bytnerowicz & Fenn, 1996; Bytnerowicz & Riechers, 1995; Bytnerowicz et al., 2002; Fenn et al., 2003a; 2003b) . Moreover, local climate may also affect N accumulation (B lett et al., 2003; Bruteig, 1993) , an important consideration for studies with a large geographic scope. The potential for climatic heterogeneity to impact our data is discussed briefly.
Materials and Methods

Study area
The study area encompasses the Southern Cascades, Modoc Plateau, Northwestern Basin and Range, and Sierra Nevada ecoregions of California (Bailey, 1983 ; Figure 1 ). Climatic conditions and forest stand structure vary widely depending on elevation (370-2,895 m) and latitude. Most forests are mixed conifer with hardwoods common along riparian areas and in the Southern Cascades and Sierra Nevada foothills. The Modoc Plateau, which lies in the rain shadow of the Klamath Mountains, is a cool high-elevation desert supporting open stands of Juniperus occidentalis. As summarized in Jovan and McCune (2006 ), long-term averages (1961 to 1990 for annual precipitation and temperature vary considerably from 256 to 2,261 mm and from 2 to 15.TC, respectively. Environ Manit Assess (2007) 129:243-251 The westernmost boundary of the study area lies along the Central Valley, an important upwind source of agricultural and vehicular N emissions. The greater Sierra Nevada encompasses several notable tourist attractions such as the famous Yosemite and Sequoia National Parks (NP; Figure 1 ), which draw large crowds during the summer months. Forest fires are also an important local source of emissions. Tissue was analyzed from plots near the NPs but we did not collect within park boundaries.
2.2 Origin of NH 3 estimates Jovan and McCune (2006) derived the NH 3 bioindication model using lichen c01mnunity data from 115 circular, 0.38 ha FIA plots. Plots span all land-use types and lie on a permanent hexagonal sampling grid, excepting a few plots (n = 24) installed in areas of special concern like NPs and urban recreation areas. Field workers conducted one time-constrained survey of the lichen community at each plot between 1998 and 2001 using the standardized FIA protocol . The relative abundance of each epiphytic macrolichen species was estimated using four broad abundance codes: 1 = rare (<3 thalli), 2 = uncommon ( 4-10 thalli), 3 = common (> 1 0 thalli present but species occurs on less than 50% of all boles and branches), and 4 = abundant (> 10 thalli present and species occurs on more than 50% of all boles and branches).
The lichen community response to NH 3 was detected using an index of known NH 3 indicator species, the proportion of nitrophyte abundance (PNA; Jovan & McCune, 2005) . The PNA is technically defined as the summed abundance codes of nitrophytes re1ativised by total lichen abundance per plot. Nitrophytes are well-known for their positive association with NH 3 (De Bakker, 1989; Jovan & McCune, 2005; van Herk, 1999; . Local nitrophytes include: Candelaria concolor, Flavopunctelia .flaventior, Parmelia hygrophila, Phaeophyscia orbicularis, Physcia adscendens, P aipolia, P dimidiata, P stellaris, P tenella, P tribacia, Physconia americana, P enteroxantha, P fallax, P isidiigera, P perisidiosa, Punctelia perreticulata, Ramalina suhleptocarpha, Xanthoria candelaria, X fall ax, X fulva, X hasseana, X oregana, X parietina, and X polycarpa.
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When applied to plots in the neighboring Central Valley, the PNA was strongly, positively associated with synthetic variables for estimating NH 3 deposition. These include agricultural intensity, urbanization, and GIS-modeled NH 3 emissions estimates (Jovan & McCune, 2005) . In the mountainous greater Sierra Nevada, however, it was apparent that nitrophyte abundance was also affected by the steep climatic gradients. To isolate NH 3 effects, Jovan and McCune (2006) used nonlinear regression to extract the influence of elevation and associated climatic variability from the PNA. The unstandardized residuals thus serve as modeled estimates of relative NH 3 deposition.
Tissue data
We selected L. vulpina for tissue analysis because this species is fairly pollutant tolerant (McCune & Geiser, 1997) and widespread throughout inland montane forests in the western Unites States. L. vulpina is also being used, to a limited extent, for bioaccumulation studies in Oregon, Washington (Geiser & Neitlich, 2006) , and California (Geiser, unpublished data; Jovan, unpublished data) . We used a cut-off of 1.03% dry weight in N (reported as % N) to defme sites exposed to elevated deposition. This preliminary threshold was developed for use by the USDA Forest Service Region 6 Air Program, based on L. vulpina tissue collected at remote sites in Alaska, Oregon, and Washington (Geiser, web-published data, http:// airli chen. nacse. org/ cgi-bin/ q ml/usa ir/region5 I areaS.
qml?qml_screen=threshold). Comparable information
is not yet available for California.
Tissue was collected between August and September 2004 from 38 FIA plots included in the NH 3 bioindication model. Plots were intentionally selected to span a wide range ofNH 3 estimates. The only other factors considered for site selection were: (1) the plot needed to occur on public land to avoid accessibility issues, (2) we wanted plots to have broad geographic coverage, and (3) plots needed to be close enough to roads that tissue could be collected in less than one day.
Field protocol
Tissue sampling closely followed the protocol by Geiser (2004 (Jovan & McCune, 2006) fragments of thalli were discarded. After this 'highgrading', samples typically weighed 4 to 7 g.
Lab protocol and quality control
Thalli were re-sealed in bags and sent to the Research Analytical Laboratory at University of Minnesota. As described in Geiser (2004) , samples are finely ground and dried for 2 h at 65°C. Percent dry weight in N is determined using total Kjeldahl N analysis. 1515; apple leaves). To determine laboratory precision, the first tissue sample and every 1Oth sample thereafter were re-analyzed for N (n = 5).
Analysis
We used the statistical program S-Plus (Insightful Corporation, 2000) to investigate which environmental and lichen community-based variables were the best predictors of % N ( , 2002) . We allowed the regression to select any two-way interaction terms between climate variables, elevation, and NH 3 estimates. Two three-way interactions were also included as possible predictors (NH 3 estimates x wetdays x mean temperature, and NH 3 estimates x precipitation x mean temperature).
Results
Lab measurements were adequately precise, having an average deviation of 0.02% N between repeat measurements on the same tissue sample. Lab accuracy was also high as determined by only a slight as did collections from plots in the middle Sierras (0. 77 to 1.34). All tissue from the Southern Cascades and almost all plots from the northern half of the Sierra Nevada had comparatively low N content (0.68 to 0.90 and 0.73 to 1.04, respectively). The two plots at the northwestern extreme of the study area near Mt. Shasta also had low tissue N (0.67 and 0.71). When considered independently as main effects, several predictors had appreciable linear correlations with tissue N (Table II and 
Discussion
The geographic variables longitude and latitude turned out to be strong predictors of % N (Table II and Figure 3 ). This result is evident from the distribution of tissue values (Figure 2 ) wherein the southwestern Sierra Nevada, a small area in the high Sierras near the Tahoe Basin, and the Modoc Plateau, are three apparent N hotspots arranged along the tilted axis of the study area. The majority of collections from these areas had N above the designated threshold value with the greatest exceedances occurring at the southernmost plots (which are, coincidentally, also the easternmost plots).
We did expect at least a moderate, positive relationship to estimates ofNH 3 since it is a major N pollutant in much of the region (Bytnerowicz & Fenn, 1996; Bytnerowicz & Riechers, 1995; Bytnerowicz et al., 2002; Fenn et al., 2003a; 2003b Figure 3) . The same basic geographic pattern was observed for NH 3 estimates and % N (Figure 2 ).
Sierra Nevada and Southern Cascades
The observed distribution of % N is generally in agreement with past N measurements from the Sierra Nevada and Southern Cascades (Figure 2 ). Monitoring data, although few, suggest highest deposition to southwestern forests bordering the intensely agricultural San Joaquin Valley and considerably lower N at more northerly sites (Blanchard & Michaels, 1 994; Fenn et al., 2003a; 2003b; Jovan & McCune, 2006) . Of particular concern is the high N content of tissue collected near Kings Canyon and Sequoia National Parks. Epiphytic macrolichen communities surveyed in and near the parks show evidence of elevated NH 3 (Jovan & McCune, 2006) while monitoring data from Sequoia detected elevated concentrations of several N pollutants (Bytnerowicz et al., 2002) . Tissue from the site nearest Yosemite National Park was beneath theN threshold and NH 3 was estimated to be moderate, at worst. The lichen gradient model did suggest, however, relatively high NH 3 at more northern sites in and near the park for which we have no co-located tissue data.
Modoc Plateau
Nitrophyte-rich lichen communities suggest high NH 3 is reaching several plots in the Modoc Plateau, which may well be the primary contributor to the enhanced tissue N observed in this study (Figure 2 ; Jovan & McCune, 2006) . Modoc forests are relatively remote from Central Valley emissions although there are local N sources from agriculture, a major industry in the region (Mom sen, 200 I). Unfortunately there are no direct N measurements to inform our interpretation, Environ Monit Assess (2007) 129:243-251 which is especially problematic since certain aspects of desert-like conditions affecting Modoc forests could hypothetically confound the lichen biomonitoring data. The dominance of nitrophytes, for instance, could be promoted via alkaline dust, an understudied phenomenon discussed by Jovan and McCune (2006) . 'Enhanced' N accumulation could likewise be promoted via the exceptionally dry conditions or, more generally, stressful climatic conditions (discussed further in the "Sources of noise in the data Section 2"). As such, these data must be interpreted with utmost caution until corroborated by direct measurements.
Tahoe region
It's unclear how closely high tissue N at the two alpine sites (>2,400 m) in the mid Sierras is linked to pollution emissions from the nearby Lake Tahoe area ( Figure 2 ). Atmospheric N is generally expected to be low in high-elevation Sierra forests (Fe1m et al., 2003a; 2003b ) . Yet total N measured in the Tahoe Basin is on par with levels at southern Sierra forests that experts consider moderately polluted (Tarnay, Gertler, Blank, & Taylor, 2001 ). One site is near the city of South Lake Tahoe (% N = 1.1 6) but the second is approximately 40 km to the south in wilderness (1.34). Corresponding NH 3 estimates are fairly low (Figure 2 ; Jovan & McCune, 2006) possibly because oxidized N pollutants are dominant, at least in the basin (Tarnay et al., 2001 ). On the other hand, these were the two highest elevation sites in our sample and tissue condition at both was poor. A reasonable alternative explanation, thus, may be that stressful climatic conditions induced high N accumulation. We must consider that moisture regime, while certainly a key component of climatic favorability for lichens, may be important for a second reason. As N is mobile in the lichen thallus, major moisture differences could result in differential levels of Nleaching among plots. As noted by Blett et al. (2003) tissue collections are ideally collected from within the same precipitation regime. We probably evaded much of the short-term seasonal variability between sites by collecting during the dry season. Precipitation and number of wetdays both varied minimally across the study area around the time of tissue collection. If anything, it seems more likely that long-term moisture differences would be a more important source of noise via influence on growth rate as proposed by Bmteig (1993).
Sources of noise in the data
Conclusions
We do expect that tissue N is reflecting at least the coarser N deposition patterns in the greater Sierra Nevada. But without any co-located N deposition measurements to calibrate tissue data, we cannot fully investigate the importance of climate as suggested by our models. Thus, these data should be regarded as a preliminary assessment intended to steer more focused study of N enrichment. Results will serve as baseline data for tracking N trends with L. vulpina tissue.
Lichen gradient models used in tandem with tissue analysis can help land managers rapidly evaluate stand exposure to poor air quality and assess the risk of ecological degradation. Without collections from urban areas, we may be missing the most extreme N deposition hotspots. Still, an important consideration is that the capacity for a forest ecosystem to assimilate additional N inputs varies widely. The greatest ecological impacts from N fertilization need not occur where deposition is highest. Alpine and sub-alpine stands, for instance, are expected to be much more sensitive due to lower biotic activity (Fenn et al., 2003a; 2003b 
